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ABSTRACT 

 

This paper presents the extensive review of 

microtribology especially as encountered in 

microforming. Microforming is one of the most 

frequently used mass production processes by 

replication. Micro injection moulding, micro 

deep drawing, micro casting, and hot embossing 

are the examples of microforming. These 

processes are suitable for near net shape or even 

net shape production. One of the main problems 

encountered in microforming is the scaling 

effect that occurs in the tribological aspects; for 

example, the friction coefficient increases with 

decreasing specimen size. Scaling effects occur 

not only within the process but also throughout 

the forming chain. So, the microforming process 

can be simplified if the tribological problem is 

minimized. In this paper a methodology for the 

investigation and minimization of 

microtribological issues through the control of 

micromachining processes has been proposed. 

 

Keywords: Tribology, microtribology, 

microforming, micromachining. 

 

1. INTRODUCTION 
 

Tribology is applied in almost all the aspects of 

modern technology such as in bearing design 

forming and replication. In metal forming, 

friction increases tool wear and the power 

required to complete the process. This results 

higher cost due to more frequent tool 

replacement, loss of tolerance as tool 

dimensions shift, and higher forces are required 

to shape a piece. A layer of lubricant which 

eliminates surface contact virtually eliminates 

tool wear and decreases driving power by one 

third (Braunovic et al., 2007). 

In micromanufacturing photolithographic 

processes have led to the development of 

microelectromechanical systems (MEMS) for a 

wide range of electronic applications. Surface 

micromachining, bulk micromachining, and 

microforming are the most possible process for 

fabricating such microscale movable 

mechanical elements (Rymuza, 1998). In 

MEMS devices, various forces associated with 

the device scale down with the size. When the 

length of a component decreases from 1 mm to 

1 μm, the area decreases by a factor of a million 

and the volume decreases by a factor of a 

billion. As a result, the resistive forces such as 

friction, viscous drag, and surface tension that 

are proportional to the area decrease a million 

times less. Because of the increase in resistive 

forces and the fact that these devices produce 

relatively low power, tribological concerns 

become more important.  

 

2. TRIBOLOGICAL ISSUE 

 

The tribological issues become critical because 

friction / stiction (static friction), wear, and 

surface contamination that affect device 

performance and, in some cases, can even 

prevent devices from working (Bhushan, 1999; 

Guo et al., 2009). In the following subsections 

microwear and microfriction are discussed in 

details. 

 

2.1 Microwear 

 

The wear rate of different substrate materials 

and coatings have been determined as a function 

of film thickness, type of coating and load 

parameters. The best results (i.e. lowest wear) 

could be obtained by amorphous carbon 

coatings. Using the scratch test it could be 

shown that the wear protective effect of the 

coatings depends on their elasticity. Due to the 

elastic behaviour of the coating the wear 

resistance can partly reach to depths deeper than 

the coatings thickness. For nonrecurring loads, 

like uniquely occurring scratches, a high wear 

resistance can be obtained by the application of 

amorphous carbon (diamond like carbon) 

coatings. Aside from the inherent layer 

parameters, the tribological characteristics of 

micro contacts are also influenced strongly by 

the substrate material (Kuster et al., 2006). 
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2.2 Microfriction 

 

The nanoscratch experiments under single 

asperity contact showed that the coefficient of 

friction depends on the tip radius. Generally, the 

smallest coefficients of friction could be 

obtained with the smallest tip radii. Therefore, a 

further reduction of friction can be obtained by 

a specific structuring of the surface, which 

reduces the contact area. The influence of the 

structure size, the effective contact area, and 

relative humidity was investigated for micro 

structured silicon coated samples. Several 

previous researchers had done the investigations 

using a square matrix of circular dots. The 

spacing of the dots was varied to study the 

influence of the resulting contact area. The 

coefficient of friction was reduced, when the 

contact area decreased. Moreover, an influence 

of the environmental conditions was observed. 

For the relative humidity up to ! 50% the 

friction coefficient of a C-layers shows an 

almost constant level, and is slightly increasing 

when the humidity rising over 50% (Kuster et 

al., 2006; Guo et al., 2009). There are two types 

of methods to measure the tribology in 

miniaturization devices. The first one is off-chip 

measuring method and the second one is on-

chip measuring method (Bistac et al., 2004). 

Off-chip measuring method uses the installation 

and clamp of the specimens are performed by 

the device installed on the external equipment to 

test the microtribology (Guo et al., 2009). There 

are three types of off-chip measuring methods 

which are explained below. 

 

Pin-on-disc testing method is constantly used 

in tribology experiments. The device, as shown 

in Figure 1, is mainly composed of a rotary 

stage and the force testing system. Figure 1b 

shows that the pin-on-disk tester is equipped 

with a commercial optical frictional force sensor 

in order to measure the frictional force (Guo et 

al., 2009; Brinksmeier et al., 2010). 

 

 
 

Figure 1 Testing equipment of the pin-on-disc 

measuring method (a) equipment, (b) enlarged 

testing portion (Guo et al., 2009). 

Atomic force microscope testing method is 

one commercial high precision measuring 

equipment to measure microtribology. The 

working principle is shown in Figure 2 which 

uses the weak interaction (Van Der Waals 

Force) between the tip and the surface of the 

specimen to be measured. The sample is tested 

using the tip of the AFM which is fixed on the 

V-shaped micro cantilever is sensitive to micro 

force. Frictional force and normal force will be 

measured by optical measuring system. This 

method is a very useful since the material real 

contacting area reduced. This made the 

influence of ploughing effect to frictional force 

greatly weakened. Besides that, the increment of 

the normal force applied on the contact pair, the 

frictional coefficient is gradually close to that in 

micro condition. Damage of the contacting 

surface is also greatly aggravated 

correspondingly. Although there is a large 

progress in the study of the friction and wear for 

micro devices with AFM, there are some 

difficulties in this method. First, it is only a 

point-surface contact because of the contact 

between the tip and the surface. This is not 

successfully simulating the real contacting 

condition of MEMS devices. Secondly, is 

because the real contacting surfaces of MEMS 

devices are fabricated with MEMS technology. 

It is not totally correct to think the measured 

data can successfully represent the real data of 

MEMS devices. Thirdly, the stiffness of the 

tip’s cantilever may influence the results (Guo 

et al., 2009; Bhushan, 2005) 

 

Special testing method uses the contacting 

surfaces fabricated with MEMS technology to 

simulate the contacting condition. One surface 

of the contact pair is made of unprocessed 

single crystal silicon while the other is single 

crystal silicon chip with top surface is fabricated 

with a series of columns by MEMS technology. 

It also found that the crystallographic direction 

of single crystal silicon had great influence on 

frictional coefficient. It can simulate the real 

 

 
 

Figure 2 Working principle of the atomic force 

microscope (Guo et al., 2009). 
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contact condition of MEMS devices. However, 

dimension of the specimen is so little (several 

micrometer) that it is hard to precisely fix the 

frictional pair. (Guo et al., 2009; Bistac et al., 

2004). Meanwhile, in on-chip measuring 

method two contacting surfaces of the frictional 

pair are fabricated on one chip by MEMS 

technology. This measuring method has the 

advantages of easy fabrication, high resolution 

of micro force, and displacement compared to 

the off-chip measuring method. The contacting 

situation can successfully simulate the real 

contact condition of MEMS devices. So, that is 

why this type of measuring method has become 

important for microtribology. There are two 

types of on-chip measuring methods. 

The plane-plane testing methods based 

on two contacting surfaces are planes during the 

course of the experiment. On the other hand, 

plane-cylinder testing method refers to one 

surface in contacting pair is a plane while the 

other is a semi-cylinder. It focuses on the 

tribology characters on the sidewall contacting 

pairs of MEMS devices. Meanwhile, the plane-

sphere contact testing method is a method which 

have the contacting surfaces formed the contact 

is a plane and hemisphere surface. This type of 

method can measure the static frictional 

coefficient of the contact pair. The line-line 

contact testing method measure the microwear 

characters of the micro-gear or the micro rotary 

axis in MEMS. 

On-chip microfriction testing method 

using the mechanism characters of the bimorph 

material. This structure is actuated by a lateral 

micromotor. In this micromotor, a large curled 

cantilever serves as the fundamental drive 

mechanism. The cantilever is composed of the 

gold-polysilicon bimettalic material which may 

result in high precision sensitivity of the 

temperature (Guo et al., 2009). 

 

3. FABRICATION BY MICROFORMING 

 

Microforming refers to the shaping technologies 

with at least two dimensions under the 

millimetre range, particularly appropriate for 

mass production of metallic parts. Cold forging, 

bending, punching, deep drawing, and extrusion 

are some of the examples of microforming. In 

this field, metal forming takes up quite a special 

position due to its well known advantages of 

high production rates, minimized or zero 

material loss, excellent mechanical properties of 

the final product. Close tolerance makes this 

process suitable for near net shape or even net 

shape production (Allen, 2006). 

Microforming processes, which are 

based on plastic deformation, require a research 

to address issues related to size, shape, 

orientation, and grains of the material to be 

formed. Flow stress, ductility and forming limit, 

forming forces, spring back, and tribology are 

some of the many factors that need further study 

for increasing the performance of microforming 

processes. One of the main problems 

encountered in microforming is the scaling 

effect that occurs in the tribological aspects; for 

example, the friction coefficient increases with 

decreasing specimen size. Scaling effects occur 

not only within the process but also throughout 

the forming chain (Rajukar et al., 2007). 

(i) The material behaviour changes with 

miniaturization. It is caused by the size 

effects that occur when a process is scaled 

down to micro scale. The flow stress, 

anisotropy, ductility, and forming limit of 

materials are influenced by these size 

effects, which has to be considered in 

designing a microforming tools. 

(ii) Fabrication of microtools with less 

tribological issues is main challenge in 

microforming. New manufacturing 

methods are required to develop to 

overcome these difficulties (Engel et al., 

2002; Qin at al., 2010). 

 

3.1 Micro Massive Forming 

 

Micro massive forming has yet wide 

applications as the raw part can easily be 

produced by wire drawing down to diameters of 

several ten micrometers and cutting the wire 

into small cylinders. But the handling of such 

parts in an appropriate time and precision is 

limited to a certain extent. Parts of 0.5 mm in 

diameter and 50 µm in wall thickness were 

produced by micro extrusion. Other 

investigations dealt with size effects, which 

occur if the part is miniaturised to a certain 

point. The existence of open and closed 

lubricant pockets could be proved by a 

measurement of the roughness of the 

macroscopic part after the extrusion. The 

roughness at the border areas was significantly 

less than the roughness of the middle area. It is 

very important to choose a lubricant in forming 

process and clarify the friction coefficient 

(Vollertsen et al., 2006). 

 

3.2 Micro Deep Drawing 

 

There are several parameters, which affect deep 

drawing process. The most important one is the 

friction at the flange and radius of the die. This 

friction is also affected by size-effects when 

transferring the forming technology from macro 

to micro forming. The friction coefficients at the 
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flange and at the die radius were calculated 

from the punch force and the punch stroke of 

the deep drawing process. Instead of blank deep 

drawing strip drawing was applied for this 

investigation, so that the tangential pressure at 

the flange area is avoided, which makes the 

calculation easier (Vollertsen et al., 2006; 

Brinksmeier et al., 2010; Gong et al., 2010). 

Friction between the billet and the die plays an 

important role in metal forming and affects the 

forming energy, forming limit, surface quality, 

tool life, etc. (Gong et al., 2010).  

The degree of the deformation increased 

with the increase of the drawing ratio, which 

results in the increase of the tangential 

compressive stress and wrinkles. Another 

reason is that the width of the deformation area 

increased with the increase of the drawing ratio, 

which results in the decrease of the resistance 

ability of buckling and increase of the wrinkles. 

There were wrinkles in the micro cups in the 

existing studies with drawing ratio of 1.8 and 

2.0 (Vollertsen et al., 2006; Gong et al., 2010). 

 

3.3 Micro Sheet Forming 
 

This process is suitable to manufacture micro 

products because of high production rate, 

minimized material loss and excellent 

mechanical properties. The main problem is the 

friction between die and workpiece which can 

lead to erroneous results. It can be tested using 

the ring compression test which is used as 

calibration and validation. Researchers have 

found a new way to create the modelling 

friction in forming processes by introducing a 

relation �(�) =  �(�, �) where � is amplitude 

and � is period describe an equivalent ellipse 

profile. This enables a new type of model to be 

incorporated into simulation software to give a 

realistic interpretation of friction effect. This 

approach has been determined for dry condition 

(Jeon et al., 2010). 

 

 
 

Figure 3 Laser supported part heating in micro 

deep drawing (Vollertsen et al., 2006). 

 
 

Figure 4 Metal forming (Presz et al., 2006). 

 

The speed dependence of the coefficient 

of friction was examined to search the 

possibility of micro-hydrodynamic lubrication 

mechanism to merge low friction and smooth 

surface finish in metal forming operations. 

Figure 4 (a) and (b) shows the schematic 

diagram of bulk metal forming process and 

sheet metal forming process. 

 

3.4 Laser Microforming 
 

Non-thermal laser microforming is a fairly new 

process, which uses the optical low-threshold 

surface breakdown and results shock waves. 

The laser induced shock wave can be used for 

all micro sheet metal forming processes. The 

mechanism (Figure 5) is that the sheet metal is 

wet by a water film of several millimetres in 

height in order to generate confined plasma and 

then placed on a circular die and clamped by a 

blank holder. In a next step, one short laser 

pulse hits the sheet metal and causes ablation at 

the surface. If enough energy is applied on the 

plasma, a chain reaction of the plasma 

formation will cause a shock wave, which then 

stretch-forms the specimen (Vollertsen et al., 

2006). This process becomes very attractive 

mainly due to very small heat-affected zone, 

enhanced mechanical properties and corrosion 

resistance, and the possibility of forming novel 

surface alloys. 

 

 
 

Figure 5 Non-thermal laser stretch forming 

(Vollertsen et al., 2006). 

a 

b 
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3.5 Injection Molding Process 
 

Injection molding process can be adapted to the 

microscale by employing a variothermal 

process. The steps of the process; the mold 

cavity equipped with a microstructured tool 

(mold insert) is closed, evacuated, and heated 

above the glass transition temperature of the 

polymer; an injection unit heats the polymer and 

presses the viscous polymer into the mold; and 

the polymer (and the tool) is cooled down below 

its glass transition temperature and demolded 

from the tool. In general, cycle times are 

shortest (few minutes) (Schneider et al, 2008). 

Microinjection molding is proving to be 

a very economical procedure for reproducing 

high-quality and complex plastic microparts. 

However, small dimensions and high-aspect 

ratios of components prompt high demands on 

tools and machines as well as on process control 

(Rajukar et al, 2007). 

Microtribological investigations 

showed that tribological knowledge from the 

macro world is not transferable to microsystems 

without substantial restrictions. The friction and 

wear behaviour of self mated Si3N4 ceramic and 

WC-Co hard metal has been characterized in 

laboratory micro tribometers. Experiments 

under unidirectional sliding and rolling 

conditions were carried out in air of 50% 

relative humidity as well as lubricated with 

water. The laboratory tests indicated that WC-

Co as well as Si3N4 is applicable for 

microsystems running in water, due to their high 

wear resistance and low friction coefficient. 

Friction coefficient for sliding and rolling under 

water lubrication was also on a low level and 

almost independent of the applied normal load 

and slip (Kurzenhauser, el al., 2008). 

 

3.6 Hot Embossing 

 

Hot embossing is one of the widely used 

microforming process where a thermoplastic 

film is heated close to certain temperature and a 

microstructured tool (mold insert) in an 

evacuated condition is pressed into the film. The 

mould insert is filled by the plastic material, 

which replicates the microstructures in detail. 

The process is shown in Figure 6. 

During hot embossing, the polymer 

flows a very short way from the foil into the 

microcavity. As a result, very little stress is 

produced in the polymer, and the moulded parts 

are well suited as optical components, such as 

wave guides and lenses. Hot embossing is 

particularly suited for forming plane plates or 

foils. With increasing area, shrinkage of the 

plastic component is become more critical. 

 
 

Figure 6 Selected micro hot embossing steps 

(Worgull, el al., 2006) 

 

A sophisticated execution of the process 

is required to prevent deformation, such as 

overdrawn edges of the components or even 

damage to the mold insert. Microinjection 

moulding and hot embossing enable mass 

reproduction plastic microproducts at low cost 

(Rajukar et al., 2007). 

Microtribology is a main concern in 

demolding process in order to avoid damages of 

the structures. During the demolding process, 

the interaction between the polymer and the 

mold insert leads to some plastic material 

sticking to the tool. It can deform even destroy 

the structures the replicas and may affect the 

wear of mold insert. There are two main sources 

of the demolding forces which are friction force 

whose contact stress is caused by surface 

adhesion and the other is thermal stress due to 

shrinkage between the mould insert and 

polymer. The thermal stress can be directly 

calculated by FEM and the friction force can be 

simulated based on a theoretical analysis. The 

FEM analysis about the friction force caused by 

surface adhesion can be based on adhesive 

friction theory and microtribology about micro 

contact and adhesive phenomena. For 

microstructure, the surface adhesion force is 

greater than the inertia force such as gravity and 

becomes the main interaction force between 

surfaces. The process parameters such as the 

molding and demolding temperature, embossing 

pressure, cooling time, and the polymer material 

behaviour need to be taken into account. So, the 

demolding process plays a key role which is 

related with the quality of polymer replica and 

the lifetime of mould insert (Guo et al., 2007). 

 

4. SUMMARY 

 

Tribology plays a significant role in 

microforming. So, research on the tribology of 

MEMS devices has been important because of 

the size effect. Studies on how to obtain 

minimum microtribology during manufacturing 

process is vital. This review showed that: 

(i) Conventional frictional law is no longer 

possible for the microforming processes 

due to size effect. So, it is a necessary to 
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investigate in new micro tribology theory 

for these micro manufacturing processes. 

(ii) The development of the off-chip and on-

chip measuring methods are the effective 

methods use for tribology measurement.  

(iii) Microwear and microfriction are common 

tribology issues that affects the 

performance and event prevent devices 

from working. 
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